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Abstract 
Laboratory experiments were conducted to determine the impact of pozzolanic additives on the reaction of well cement paste 
under sequestration conditions.  Two common blends consisting of class H cement and pozzolan/cement ratios of 35:65 and 
65:35 were studied under CO2 exposure conditions of 2200 psi and 50°C.  Although the rate of chemical reaction is significantly 
greater than with neat cement paste, the alteration of physical properties is not sufficient to compromise sealing integrity under 
the conditions of the experiments. 
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1. Introduction 
     The sequestration of carbon dioxide (CO2) in underground geologic formations has received increased attention 
in the research community of the past decade [1].  In order to be implemented on a wide scale, it will be critical to 
provide the scientific basis so that decisions can be made at the individual project level.  This requires a thorough 
evaluation of potential leakage and migration pathways that could compromise storage integrity.  It is has been 
widely suggested that wellbores that penetrate the storage reservoir present a possible route of leakage that will need 
to be addressed in order to quantify risk to long-term storage potential.  One significant uncertainty with regard to 
wellbore integrity is the chemical reactivity of cements within a CO2 storage environment.  The cement used to 
grout well casing and to plug wells for abandonment is not thermodynamically stable in the presence of CO2.  The 
alkaline minerals in cement are known to react with acidic CO2.   However, the impact that these reactions have on 
sealing integrity is not well understood.   
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     Previous laboratory studies on cement’s reaction with carbonated water have led to a detailed understanding of 
the mechanism involved under sequestration pressure and temperature conditions [2].   These experiments focussed 
on the reaction with neat cement paste in the absence of additives, and the affect of cure conditions on the reaction.  
A subsequent study focussed on the long term kinetics of alteration [3].  The experiment was one year in length and 
allowed empirical extrapolation of results up to 50 years.  Reactivity of cement with supercritical CO2 and dissolved 
CO2 were compared under the same pressure and temperature conditions.   Both cases are relevant to CO2 storage, 
since CO2 is expected to both displace pore water and dissolve to some extent.  Results of these laboratory 
experiments were remarkably consistent with 30-year field studies in both the nature and extent of reaction [2,4].  
Although it is clear that cement is degraded, the results of this study suggest that the reactions involved are slow.  It 
is unlikely that the diffusion controlled degradation process observed in these experiments would lead to well failure 
in well completions that are well cemented with neat Portland cement. 
     More recent experiments have been performed to study this phenomenon in pozzolanic cement blends which are 
used in a significant number of existing wells [5].  Specifically, two blends of cement with different flyash additive 
content were studied for their reactivity with carbonated water and with CO2.  The blends had pozzolan to cement 
volume ratios of 35:65 and 65:35 representing the minimum and maximum flyash content typically used in field 
applications.  Experiments have shown that the reaction of pozzolanic cement paste is considerably faster than with 
neat cement.  However, the degradation of physical properties is much less significant with the pozzolanic blends.  
Permeability of a carbonated pozzolanic cement paste is still sufficiently small to block significant vertical 
migration of CO2 in a wellbore.  Another significant conclusion of the study was that the reaction with carbonated 
water has a very different effect on the porosity and density of the material depending on the ratio of pozzolan.  Here 
we present further discussion on the changes in physical properties in the pozzolanic cement blends.  
2. Experimental 
The details of the sample preparation and CO2 exposure are presented elsewhere [5].  The main materials used 
were Class H Portland cement (Lafarge) and Pozmix A (Haliburton), a class F flyash.  In addition, each blend 
included 2% by volume bentonite as commonly added to prevent formation of free water. The slurry densities for 
the pozzolan-cement mixtures represent an average slurry density used for the mixes in the field: 14.5 lbm/gal (1.74 
g/cm3) for the 35:65 pozzolan-cement mix and 13.7 lbm/gal (1.64 g/cm3) for the 65:35 pozzolan-cement mix.   The 
2 inch diameter cylindrical samples were cured for 28 days in a 1% sodium chloride (by volume) solution under 
2200 psi of fluid pressure and at 50°C temperature.  The samples were then exposed to dissolved CO2 in the same 
brine solution under the same pressure and temperature conditions for 31 days.   
After exposure, the samples were removed from the pressure vessels and scanned using a Computed Tomography 
(CT) scanner (Universal Systems).  The CT scan created a 3D image of the each sample as a series of 2D X-ray 
images normal to the axis of the cylinder.  The resolution of the instrument is 250 Pm for each 2D “slice” and 1 mm 
in the axial direction.   
3. Results and Discussion 
A detailed discussion of the chemical reaction kinetics, permeability measurements, and a comparison to field 
results are presented elsewhere [5].  The discussion here will focus on the results of the CT scans.  A representative 
sample image of the 35:65 and the 65:35 pozzolan/cement mixes are shown in Figures 1 and 2 respectively.  The 
images are independently normalized with respect to pixel intensity, so the magnitude cannot be compared between 
images.  Within each image, the pixel intensity is directly proportional to the average density of material within the 
250 Pm × 250 Pm square pixel.   
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Figure 1:  A) CT image of 35:65 pozzolan:cement blend after 31 days of exposure to carbonated water at 2200 psi 
CO2 pressure and at 50°C.  B) Histogram  of pixel intensities derived from the image.  C) Pixel intensity trace across 
the diameter of the image. 
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Figure 2:  A) CT image of 65:35 pozzolan:cement blend after 31 days of exposure to carbonated water at 2200 psi 
CO2 pressure and at 50°C.  B) Histogram  of pixel intensities derived from the image.  C) Pixel intensity trace across 
the diameter of the image. 
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   Figure 1 shows a clear distinction between the outer annulus of the sample and the core for the 35:65 case.  The 
outside portion is clearly the denser phase, shown as the brighter portion in the CT image.  This is consistent with 
previous observations that pore space diminished due to the precipitation of calcium carbonate.  The clear 
distinction between carbonated and uncarbonated cement is also evident in the grayscale histogram that a There is 
also visible fracturing throughout the core, which can be seen in the upper-right portion of the image in Figure 1.  It 
is likely that the fracturing occurred after the CO2 exposure was complete, either during depressurizing, or storage of 
the samples.  If the fracture had formed earlier, the reaction pattern would have been affected due to a change in the 
geometry of the solid-liquid interface.  The near-radial symmetry suggests that this was not the case.   
The 65:35 blend showed very different behavior as illustrated by Figure 2.  The most obvious distinction is that 
the outer annulus of the cement is less dense than the inner core.  In addition the change appears to be continuous, 
with no distinct front separating carbonated and uncarbonated cement paste.  The grayscale histogram shows a 
single band rather than the bimodal distribution in Figure 1.  This is most likely because the carbonation “front” has 
penetrated all the way through this sample.  This is consistent with previous results [5] that show increased 
penetration rate of reaction with increased pozzolan content.  The decrease in density on the outer edge of the 65:35 
sample is likely due to dissolution of carbonate, as was observed on previous studies on neat cement paste [2,3].   
The faster reaction in the pozzolan mixes may be partly due to the extent of hydration.  Exposure to CO2 took 
place after 28 days of cure, as is prescribed in standard cement testing procedures [1].  The addition of pozzolan is 
known to retard the rate of hydration in cement mixes [1].  Despite the faster reaction, the physical properties of the 
cement blend were not altered enough to compromise sealing integrity.  Density of the material has gone higher as a 
result of reaction.  Other work has shown that the hardness of the cement is also increased due to carbonation, and 
the permeability remains low enough to maintain a seal [5]. 
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